Numerical results from a study of LiH: the proposed standard material for the high pressure shock experiment by Rogers, F.J.
I 
\ 
\ 
I 
i 
I 
UCID- 16776 
Lawrence Livermore Laboratory 
NUMERICAL RESULTS FROM A STUDY OF LiH: THE PROPOSED STANDARD 
MATERIAL FOR THE HIGH PRESSURE SHOCK EXPERIMENT 
F. J. Rogers 
May 6, 1975 
This is an informal report intended 
primarily for internal or limited 
external distribution. The opinions 
and conclusions stated are those of 
the author and may or may not be 
those of the laboratot y. 
Prepared for U .S. Energy Research & 
Development Administration under 
contract No. W-7405-Eng-48. 
DISTRIBUTIO'\l OF THIS DOCUMENT IS UNLIMITED 
DISCLAIMER 
This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
DISCLAIMER 
Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 
,.,;· 
I. 
• 
• 
NUMERICAL RESULTS FROM A-THEORETICAL STUDY OF LiH: THE PROPOSED 
STANDARD ~1ATERIAL FOR THE HIGH PRESSURE SHOCK EXPERIMENT 
INTRODUCTION 
What is the Experiment? 
,..-----NOTICE-----~ 
This report was prepared as an account of ~ork 
sponsored by the United Stites ~vernment. Neither 
the United States nor the ~~ted . States Energy 
Rt.Je.nrch anti Development Adnurustrat~on, nor any of 
their employees, nor any of then contrartnrs, 
subcontractors, or their employees, makes an~ 
warranty, exprw or impUed, or assumes any leg 
liability 01 responsibility for the accuracy, completeness 
01 usefulness of any information, app~ratus, product or 
process disclosed, 01 repr.esents that 1ts use would not 
infringe privately owned nghts . 
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It is proposed to send a high pressure shock wave through a layer of LiH 
and then into a sample of high Z -material, resulting in a reflected shock wave back into 
the LiH. If the Hugoniot and some reflected Hugoniots for LiH are known the EOS of the 
sample can be obtained from the "impedance matching method." 
What is the Value of the Experiment? 
The EOSin the 20-250 Mbar pressure range, with temperatures in the range 20-100 eV, 
can be measured. Moreover, this is the least understood range of the EOS because: 
(1) The Thomas-Fermi theory is not expected to be very accurate in this range. 
(2) It is very difficult to access this region experimentally and only a few 
experiments of uncertain accuracy have been performed.1 
How is the EOS of LiH to be Obtained? 
Over a several year period there has been an H Division effort to develop the 
theory and computational capability for obtaining the EOS of incompletely ionized plasmas. 
The procedure is to work directly from the Coulomb law of force between the electrons 
and bare nuclei in the plasma and apply the fiL'St principles of qtHmtum statistical 
mechanics. The result of this effort is a theory that allows one to systematically 
add plasma interaction terms beyond those commonly referred to as "Debye-Hiickel 
corrections," while at the same time accotmting for the formation of composite ions, 
atoms, and molecules in the plasma. 
The theory developed is in principle applicable to .any material. However, because 
of the detailed nature of the calcu.lations, i.e., the calculation of screened energy 
levels and interaction potentials for the composite particles, it is much easier to work 
with low-Z materials. LiH is chosen because it represents a good compromise between 
calculational difficulty and a reasonably high shock impedance. 
SUMMARY OF THE THEORY AND ITS RANGE OF VALIDITY 
Figure 1 gives schematically the steps ·involved in the theoretical development. 
One additional step, not exp:licitly treated in Refs. 3,4 is required to bring the 
theoretical desc.~.:I':i.ption 1,1p to the level actually used in numerical calculations .. That 
is to go blick to step (3) and introduce degeneracy modifications to P /kT = f(S) and then 
repeat Steps (4) and (5). . .. ·.,~ .. '.· '. ;.",!':,' ..• ·,·.,·~~·rE-n!}, 1-J 
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Mayer virial expansion 
s =) '-2 rrif3. 1/ J 
..__,j- J-
=\._2 JB./J-1 Z,J- J 
where 11 = Density 
{3 =Cluster integral 
B.= Virial coefficient 
J ( 1 ) 
Abe reorganizations in powers of {3u 
00 
S=S. +\ S.(T,n,AD) 
rmg L J 
j=2 
3 . 
where S . = 1/12 1r A.D and the S. 
r1ng J 
resemble virial coefficients for the 
Debye potential. 
Ref. 2 ( 2) 
Find procedure for generating the 
activity series from · 
00 
. P - \' (a ~m-2 (as)m/ l.e,kT- z + s + L azz) az /m! 
·m=2 
Ref. 3 
( 3) 
.. 
Collect terms in $-expansion· in terms of 
powers of Z, i.e. introduce cluster 
coefficients for the Debye potential . 
-r/>... 
{3u = I;. I;. e D I r 
S I J 
Ref. 3 and 4 
(4) 
Introduce augmented set of activity 
variables. Recollect term on basis of 
effective n-body interactions. 
Ref. 4 
(5) 
Thermal· properties of ionizing gases at 
all stage of ionization 
(6) 
Fig. 1. Steps involved in the theoretical development of the E03. 
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A numerical description of how the eigenvalues and phase shifts for the screened 
coulomb potential were calculated is given in Refs. 5,6. The interest in the present 
communication is not in theoretical development, but in the reporting of numerical 
calculations and their range of validity. Since experimental data is nonexistent it is 
necessary to look elsewhere to determine the range of validity of the theory. 
. 7 
The Brush, Sahlin and Teller (BST) Monte Carlo calculatiou for a classical one-
component plasma in a uniform background is essentially an "exact" result for such a 
system. A comparison of the classical activity expansion with BST will give some insight 
into its convergence properties. This 
(A.0 = Debye length) . Curve A includes 
to the Debye-Huckel correction. Curve 
comparison is shown in Fig. 2, \~here 
terms in z3j 2 · (z; activity) and is 
. 5/2 B includes all terms through z . 
2 A = Se /A.0 
equivalent 
It is seen 
that the three curves move sequentially further out on the BST curve, indicating that 
h 5/ 2 . . . . f' . h b .. k h ( t e z expansion IS a signi Icant Improvement overt e De ye-Huc el t eory. For 
additional details see Appendix C of Ref. 3.) 
The BST calculation applies only to real plasmas that are completely ionized and 
in which the electrons are very degenerate. Neither of these conditions apply in the 
density-and-temperature range of current interest and one might at first think the above 
comparison to be irrelevant. However, the mafor complication in the convergence of the 
activity series is due to the long range of the coulomb potential and it is just this 
aspect of the problem that is being compared in the above example. 
For real plasmas the reason that classical theory cannot be applied lies in the 
strong attractions between electrons and nuclei. This effect can be handled in classical 
theory by modifying the 1/r form of the potential at short distances to take account of 
the uncertainty principle leaving the long range part of the problem unaltered. In view 
of this, we expect the conve1·gence of the quantum acti vi t.y expansion to be similar to 
that of the classical activity .expansion provided that: (1) The ratio of the de B.roglie 
wavelength to Debye length is small; (2) The electrons are not very degenerate. 
Figure. 2 shows the convergence of the activity series in the case that a numerically 
accurate result is known.. Since no rigorous theoretical or experimental result exists 
for real multicomponent· plasmas, however, convergence criteria will be based on the 
convergence of the classical one-component gas. 
If we group the terms in curve C according to their leading z-dependence it is 
found that all coefficients are positive. In an ordinary series if U 1/U < 1/2 the m+ m = 
maximum error in the series is equal to the last term kept. However, because of the 
density constraint, i.e., 
n = z 
a(P/kT) 
az 
the activity is a function of the number of terms in the expansion. When the coefficients 
are e~ll positive .the activity dec.reases each time an additional term is kept and the 
pressure decreases, irrespective of the fact that the terms in the pre::;sure expansion 
are all positive. 
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Fig. 2. Comparison bet.ween dassical activity expansinn truncated to various orders and 
the BST Monte Carlo calculation for• a one-component plasma. 
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It is observed that a reasonable estimate of the maximum erro~ in the pressure is 
given by the negative of the last term kept, at least, in the 5/2 . z expans~on. A less 
conservative estimate of the error can be obtained by extrapolating P/kT as a function 
of the number of terms retained in the exp.ansion. This is also the most convenient 
method of estimating the error in the energy. (In the classical case the energy can be 
obtained easily from the virial theorem,) 
In this communication attention will be given exclusively to that part .of density-
temperature space traversed by the Hugoniot and reflected Hugoniots. Once the equation 
of state is calculated the Hugoniot curve can be obtained by finding the zeros of 
1 H(p,T) = E(p,T) - EOH- ~ (VOH- V)(P + P0H) (l) 
where 
p density 
T temperature 
EOH initial energy of sample 
POH = initial pressure of sample 
VOH initial volume. 
Reflected Hugoniots can be obtained from an expression similar to Eq. (1) except E0H and 
POH are replaced with EI and PI, i.e., the energy and pressure attained by the initial 
shock. 
Some Hugoniots and reflected Hugoniots obtained from ACTEX, the cowputer code that 
implements the theory outlined in Fig. l, are plotted in Fig. 3. The reflected Hugoniots 
are labeled Rl, R2, R3, and R4, respectively. The 20 -eV, 30 -ev, 40 -ev, and 50 -eV 
isotherms are plotted as dashed lines. The 2% and· 5% ma..·dmum pressure error curves, 
based on the size of the last terms calculated, are also shown. The 2% curve is seen to 
cross the Hugoniot at 133 mbar, whereas, the· 5% curve crosses at 32 mbar. Furthermore, 
the 2% uncertainty curve rises much faster with increasing density than the 5% curve. 
There are two reasons for this: (1) The 2% curve lies in a region where the gas is 
almost completely ionized, whereas the 5% curve lies in a region where Li++ and Li+ have 
formed, thus reducing the number _of. ions and their Coulomb interaction. (2) Even though 
there are fewer free electrons along the 5% curve they are more degenerate. Since 
degeneracy improves the convergence of the activity series, compared to u Boltzmann gas, 
this effect also helps to prevent the errors from increasing rapidly as the temperature 
is reduced. 
The calculations prese~ted in Fig. 3 are strictly only valid when y = A/AD 
(A = de Broglie wavelength, AD Debye length) is small and when the electron degeneracy 
parameter, ~/kT, is negative,· Reasonable limits for these parameters appear to be 
y = 0.7 and.~/kT -0;5. They= 0.7 curve is plotted in Fig. 3. The ~/kT = -0.5 curve 
is not plotted but lies fairly close to they= 0.7 curve. 
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Fig. 3. Hugoniots and reflected Hugoniots obtained from ACTEX, based on theory outlined 
in Fig. 1. 
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Since the main item of interest in the current paper is the Hugoniot and reflected 
Hugoniots it is of interest to see how well the z512 activity expansion has converged on 
the location of these curves. To do this we start with an expansion that includes only 
terms of order z, i.e., the Saha equation, and calculate the Hugoniot curves. Next we 
add. the terms of order z312 , i.e., the Debye-Huckel correction, and calculate a new set 
of Hugoniots. This process is repeated for the z2 and z5/ 2 terms. The results for the 
Hugoniot and one reflected Hugoniot are shown in Fig. 4. The change in the location of 
the reflected Hugoniot curve in going from the Saha equation to the Saha equation with 
Debye-Huckel corrections is large, approximately 23% shift in pressure at a given volume, 
3/2 5/2 . 
whereas the change in going from the z curve to the z curve is much smaller, 
approximately 3% in pressure at a given volume. The z2 curve lies quite close to the 
5/2 . 
z curve and has not been plotted. This indicates that, provided the treatment of 
diffraction and degeneracy corrections in the present theory are adequate, the Hugoniot 
. . 5/2 
curves are accurately located by the z expansion. 
The most important plot for analyzing experimental data by the impedance-matching· 
method is a P-U plot. This is given for LiH in Fig. 5. The volumes along the Hugoniot p 
indicate the volumes at w~ich the reflected Hugoniots originate. Also plotted is the 
P-U obtained from a linear extrapolation of the experimental U -U . It i::; seen that p . s p 
the theoretical P-U curve matches up smoothly with the experimental curve. p 
Figure 6 is a replot of the left half of Fig. 5 for the purpose of making an error 
analysis. The lead Hugoniot of Trunin et a1. 2 is used as an example to assess the errors 
in the "impedance matching procedure." Even though the Hugoniots obtained with expansion 
of different orders are spread out in the P-V plane, there is very little spread in the 
3/2 5/2 . P-U plane. In fact the z and z expans~ons are indistinguishable and the z 
p . 
expansion lies only slightly higher than these two. 
3/2 The TFCMIX Hugoniot also lies close to the ACTEX curves. Even. though the z and 
z
512 Hugoniots are indistingufshable their reflected Hugoniots separate slightly as 
indicate.d by the ·in-creased thickness of lin.e for die- midclle refiected Hugoniot. An 
example of the separation of the z expansion ~d z512 exp_ansion is indi.cated for the 
highest~lying reflected Hu?oniot. 
With a knowledge of P-U for LiH the pressure in Pb can be obtained by a measure-p 
ment of the shock velocity in LiH,_ Usl' and the shock velocity in lead, us 2 . The 
intersection of a straight line of slope pLiH Usl' emanating from the origin, with the 
P-U curve of LiH locates the foot of the reflected Hugoniot whose pressure and particle 
p 
velocity has to match that of the Pb Hugoniot. The ·intersection of a straight line of 
slope pPb us 2 ' emanating from the origin, with the reflected Hugoniot determines the 
pressure and particle velocity at the interface. This graphical solution is shown in 
and U 2 ± 2%. This introduces an error in . s Fig. 6. The curves drawn are for Usl ± 2% 
the pressure of ±3 .3% and of approximately 
in the density of the Pb is much larger. 
±4 .. 3% in Up. However, the percentage error 
Consider the ratio 
1 1 
v = -u-· (2) 
1 -if 
s 
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where the right-hand side comes from a substitution of the Huganiot relations. Taking 
the differential of Eq. (2) we get 
Divis~on 
op = -
Po 
o (U /U ) p s 
by p/p0 gives 
op = 1 
o (U /U ) 
cu 7u } p u 
s 1 p s u--
p 
Subs tit uti on of the values from Fig. 6 gives, after division by U /U , · p s 
1 
2.99 1 2:3-
( l ± 
0
·
043 
- 1) ~ ±15% rms 1 =F 0. 02 
This example underlines the fact that the shock velocity.measurements/must be very 
J 
accurate if an accurate EOS point is to be obtained. I 
(3) 
( 4) 
The calculat~ons presented in this paper were based on a first-principles quantum-
statistical treatment of c·oulomb interactions. Nevertheless, because of the complexity 
of the theory we have found it necessary to make some approximations with regard to 
quantum diffraction and electron degeneracy in a region where the error due to these 
approximations should be small. This is an area of active theoretical study and 
revisions of this document will be issued as new refinements are coded into ACTEX. 
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